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Context: Fatigue appears to influence musculoskeletal injury
rates during athletic activities, but whether males and females
respond differently to fatigue is unknown.
Objective: To determine the influence of fatigue on vertical
leg stiffness (KVERT) and muscle activation and joint movement
strategies and whether healthy males and females respond
similarly to fatigue.
Design: Repeated-measures design with all data collected
during a single laboratory session.
Setting: Laboratory.
Patients or Other Participants: Physically active males (n
 11) and females (n  10).
Intervention(s): Subjects performed hopping protocols at 2
frequencies before and after fatigue, which was induced by re-
peated squatting at submaximal loads.
Main Outcome Measure(s): We measured KVERT with a
forceplate and peak muscle activity of the quadriceps, ham-
strings, gastrocnemius, soleus, and anterior tibialis muscles
with surface electromyography. Sagittal-plane kinematics at
the knee and ankle were recorded with an electrogoniometer.
Results: After fatigue, KVERT was unchanged for all subjects.
However, both males and females demonstrated reduced peak
hamstrings (P  .002) and anterior tibialis (P  .001) activation,
coupled with increased gastrocnemius (P  .005) and soleus
(P  .001) peak activity, as well as increased quadriceps-ham-
strings (P  .005) and gastrocnemius/soleus-anterior tibialis
coactivation ratios (P  .03) after fatigue. Overall, females dem-
onstrated greater quadriceps-hamstrings coactivation ratios
than males, regardless of the fatigue condition (P  .026). Only
females showed increased knee flexion at initial contact after
fatigue during hopping (P  .03).
Conclusions: Although KVERT was unaffected, the peak mus-
cle activation and joint movement strategies used to modulate
KVERT were affected after fatigue. Once fatigued, both males and
females used an ankle-dominant strategy, with greater reliance
on the ankle musculature and less on the knee musculature.
Also, once fatigued, all subjects used an antagonist inhibition
strategy by minimizing antagonist coactivation. Overall, females
used a more quadriceps-dominant strategy than males, show-
ing greater quadriceps activity and a larger quadriceps-ham-
strings coactivation ratio. Changes in muscle activation and
coactivation ratios because of fatigue and sex are suggested
to alter knee joint stability and increase anterior cruciate liga-
ment injury risk.
Key Words: electromyography, anterior cruciate ligament,
coactivation, injury prevention
Fatigue has been hypothesized to alter the biomechanicaland neuromuscular factors associated with the risk ofsustaining musculoskeletal injury.1 Biomechanical and
neuromuscular factors include muscle strength, rate of force
production, muscle activation strategies, movement strategies,
and stiffness properties of the muscle and joint complex.2
These variables are believed to be of particular importance
because they involve active muscle contributions. After a fa-
tiguing exercise bout, biomechanical and neuromuscular fac-
tors such as muscle activation patterns,3–7 coactivation,8–10 ki-
nematics and kinetics,4,5,11–14 and stiffness properties5,15,16 are
altered. In addition, epidemiologic research suggests a rela-
tionship between fatigue and musculoskeletal injury rates.17,18
Investigators have demonstrated a greater incidence of injuries
occurring during the later stages of athletic competitions and
practices.17,18 The psychosocial perception of fatigue has also
been implicated as a factor influencing injury, because the per-
ception of fatigue measured during preseason and midseason
strongly predicted injury rates over the course of a season.19
Based on these research findings, fatigue does appear to influ-
ence musculoskeletal injury rates during athletic activities.
Preexisting sex differences in various biomechanical and
neuromuscular factors20–25 may be amplified by fatigue. For
example, females have been shown to have less muscle
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strength than males24 and may respond differently to a fatigu-
ing bout of exercise because of this inherent strength differ-
ence. However, the effects of fatigue in males and females
have not been compared. If females respond differently than
males to fatigue, this may be an additional risk factor for an-
terior cruciate ligament (ACL) injury.1 Most of the previous
authors investigating the influence of fatigue on biomechanical
and neuromuscular factors have studied open kinetic chain ex-
ercise fatigue protocols that were performed under maximal
effort conditions for a short duration of time.1,9–12,14,16 Un-
fortunately, these types of fatigue protocols do not mimic the
loading conditions sustained by the lower extremity. It may be
important to assess the effects of fatigue using movement pat-
terns similar to those experienced by the lower extremity
(closed kinetic chain) and performed under submaximal load-
ing conditions for sustained periods of time. In addition, no
previous investigators have assessed the influence of sex and
fatigue induced via closed kinetic chain exercise on vertical
leg stiffness (KVERT) and control strategies for modulating
KVERT. Control strategies for modulating KVERT may be op-
erationally defined as the multijoint coordination (joint kine-
matics) and muscular recruitment plan (muscle activation) an
individual executes to modulate joint torsional stiffness and
lower extremity stiffness, hence satisfying the objectives of the
functional task.26–28 Therefore, our primary purpose was to
investigate the effect of lower extremity muscle fatigue in-
duced through closed kinetic chain exercise on KVERT and
control strategies for modulating KVERT (muscle activation
peak amplitude, coactivation, and sagittal-plane knee and an-
kle joint kinematics) during a functional hopping task. Our
secondary purpose was to determine whether the response to




Eleven physically active males (age  27.81  4.35 years,
height  176.54  7.54 cm, mass  80.11  9.21 kg) and
10 females (age  24.10  3.75 years, height  168.50 
5.91 cm, mass  66.92  12.39 kg) with no known knee
abnormalities or recent musculoskeletal injuries participated in
this study. We performed an a priori statistical power analysis
based on previously published data comparing KVERT between
males and females.23 Granata et al23 noted that a 20% differ-
ence in KVERT between males and females was significant.
Thus, we hypothesized that a 20% change in KVERT from pre-
fatigue to postfatigue measures would represent a clinically
significant change in KVERT. Based on these data, a sample
size of 20 subjects would provide a power of .98 to detect a
20% change in KVERT from prefatigue to postfatigue. A subset
of the data collected from these subjects during these testing
procedures has been previously reported in a separate study.25
Before participating in the study, all subjects read and signed
an informed consent form approved by the university’s insti-
tutional review board, which also approved the study. All test-
ing was performed in a research laboratory during a single test
session.
The preferred landing leg served as the test limb for all
muscle activity and kinematic data. We determined the pre-
ferred landing leg by having subjects perform a single-leg
landing from a 30-cm-high box. The preferred landing leg was
defined as the self-selected lower extremity limb on which the
subject chose to land in 2 of 3 trials. Pilot testing revealed that
this method of determining the preferred landing leg had ex-
cellent intersession reliability (intraclass correlation coefficient
[2,k]  .92).
Testing Procedures
Hopping Protocol. Upon arrival at the laboratory, subjects
completed a verbal questionnaire to ensure that they had no
known knee abnormalities or recent musculoskeletal injuries
(within the past 3 months). Before testing, subjects received
an explanation of all testing procedures and were allowed
practice trials to become acquainted with the protocol. We as-
sessed KVERT, peak muscle activation, and joint movement
strategies by having subjects perform 2-legged hopping in
place with their hands on their hips while barefoot. Because
subjects performed 2-legged hopping for all trials, KVERT was
equivalent to the combined stiffness for both legs. Hopping
conditions consisted of 2 hopping frequencies. Subjects
hopped at their preferred, self-selected rates (FREQPREF) and
a controlled hopping rate of 3.0 Hz (FREQ3.0). The FREQ3.0
was controlled by having subjects hop in time with a digital
metronome. Subjects were instructed that each hop must be a
continuous motion, and they were allowed as much practice
as needed until they felt comfortable. We estimate that it took
approximately 30 seconds for subjects to become comfortable
with hopping in time with the digital metronome at the con-
trolled hopping frequency.
During preliminary testing, we determined that use of the
digital metronome during controlled FREQ3.0 hopping influ-
enced individuals’ FREQPREF. When performing FREQ3.0
hopping before FREQPREF, the individual’s FREQPREF in-
creased compared with the reverse sequence. Thus, we chose
to have subjects perform the FREQPREF hopping first, fol-
lowed by FREQ3.0 hopping, to avoid any alteration to the
FREQPREF. Approximately 45 continuous hops were per-
formed for each hopping condition during testing.
Fatigue Protocol. The fatigue protocol followed the pre-
fatigue assessment. A 5-minute rest period was allowed after
the prefatigue assessment before the fatigue protocol was ini-
tiated. To ensure that postfatigue assessments truly represented
fatigue, subjects performed the postfatigue hopping protocol
immediately (within 30 seconds) after the fatiguing protocol.
In addition, no rest was allowed between the hopping condi-
tions performed after fatigue.
We induced lower extremity muscle fatigue using a func-
tional, closed kinetic chain exercise protocol. Subjects per-
formed repeated squatting motions while carrying one third of
their body weight. A barbell loaded with the appropriate
weight was positioned along the posterior aspect of the sub-
ject’s shoulders, similar to that used while performing a loaded
squat maneuver. Each squatting motion was performed
through a knee flexion range of 0 to 60. Knee range of mo-
tion during the fatigue protocol was controlled by instructing
subjects to come to an extended knee position (0) when mov-
ing upward (Figure 1A), then lightly touch an end range-of-
motion block set at 60 of knee flexion when moving down-
ward (Figure 1B). An electrogoniometer was used to monitor
knee motion during the fatigue protocol. Movement frequency
was controlled by having subjects perform the repeated squat-
ting movements at a frequency of 50 squats/min to a digital
metronome. Subjects were instructed to maintain a constant
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Figure 1. Subject setup during the lower extremity fatigue protocol.
A, Starting position. B, Subjects performed closed kinetic chain
exercise (repeated squatting motions) through a controlled knee
range of motion while carrying one third of their body weight.
movement rate for both the concentric and the eccentric move-
ment phases. The fatigue protocol was modified from previous
research by Yates et al,29 who investigated elbow flexor mus-
cle fatigue. We altered the fatigue protocol to accommodate
the squat task by changing the movement frequency, knee
range of motion, and load based on pilot testing.
Each subject performed the squatting maneuver until the
point of fatigue. Fatigue was defined as the time when the
subject fell 4 squat cycles behind the set pace or failed to
complete 2 successive squat cycles. Before beginning, we em-
phasized the need to come into full knee extension and lightly
touch the range-of-motion block when moving into knee flex-
ion, even at the expense of falling behind the set cadence.
Data Processing and Analyses
All data were acquired using DATAPAC III Lab Applica-
tion Systems software (version 2000; Run Technologies, La-
guna Hills, CA) and stored in a personal computer for later
analysis with a customized program developed in MATLAB
(version 6.1; The MathWorks, Natick, MA).
Data Selection. We analyzed the first 10 acceptable hopping
trials of the total 45 from each hopping condition. Hopping
trials were determined to be acceptable based on 2 criteria.
First, for FREQ3.0 hopping conditions, only those trials in
which the subject’s hopping frequency was within 5% of 3.0
Hz were accepted for analysis; during FREQPREF hopping con-
ditions, trials within 5% of the subject’s average self-selected
hopping rate were analyzed. Hopping frequency was deter-
mined through the vertical ground reaction force data. Second,
the correlation between vertical displacement and vertical
ground reaction force during the ground-contact phases of
hopping must have been greater than r  .80 to be accepted
for analysis.23,30 This criterion was selected to ensure that the
lower extremity behaved like a simple spring-mass system
during the hopping conditions.
Vertical Leg Stiffness. The KVERT was assessed as subjects
performed the hopping protocol on a forceplate (model 6700;
Kistler Corp, Winterthur, Switzerland; natural frequency 
400 Hz, linearity  0.2% full scale, dimensions  40  60
cm) sampling at 1000 Hz. Specifically, we used vertical
ground reaction force data for KVERT calculations. The KVERT
was calculated from the regression slope of the profile when
vertical ground reaction force was plotted versus center-of-
mass displacement (kN/m) (Figure 2).31 We have previously
described these measures.23,25 Because KVERT is strongly re-
lated to body size,32 we normalized KVERT to each subject’s
body weight (N) (KVERT-NORM).
Peak Muscle Activity and Coactivation. An 8-channel te-
lemetry electromyography (EMG) system (model 900; Norax-
on Telemyo Inc, Scottsdale, AZ) sampling at 1000 Hz was
used to record peak muscle activity and coactivation. Unit
specifications included a differential amplifier gain of 1000
fixed, a frequency bandwidth of 16 Hz to 500 Hz, a common
mode rejection ratio of 114 dB, and input resistance from 20
MOhm to 1 GOhm. Bipolar Ag-AgCl surface electrodes
(Medicotest, Rolling Meadows, IL) measuring 10 mm in di-
ameter with a center-to-center distance of approximately 2.0
cm were arranged in parallel over the muscle bellies of the
rectus femoris (RF), vastus medialis (VM), semimembranosus
(SM), biceps femoris (BF), medial gastrocnemius (MG), lat-
eral gastrocnemius (LG), soleus (SO), and anterior tibialis
(AT).33 These muscles were selected to be representative of
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Figure 2. Vertical leg stiffness assessment. The linear relationship
is an indicator that the lower extremity behaved like a simple
spring-mass system. The slope of these force-displacement
curves represents the vertical leg stiffness (KVERT) during hopping.
muscle activation of the quadriceps (Q), hamstrings (H), tri-
ceps surae (TS), and AT muscles, respectively. Before apply-
ing surface electrodes, we shaved the subject’s skin and
cleaned it with isopropyl alcohol. Manual muscle testing was
performed to confirm electrode placement and check for cross-
talk. Surface electrodes were secured with an elastic bandage
to prevent cable movement artifact during hopping. The sub-
ject wore a battery-operated FM transmitter/amplifier (Norax-
on Telemyo Inc), which collected muscle activity data from
the surface electrodes. The signal was sent via telemetry from
the transmitter to the computer, where the raw EMG data were
stored for later analysis. All EMG data were low-pass filtered
at 250 Hz, high-pass filtered at 30 Hz, rectified, and smoothed
using a Hanning integrator set to 20 points.
After proper surface electrode placement was achieved, sub-
jects were placed in a sitting position on a commercial isoki-
netic dynamometer (model 835-000; Biodex Medical Systems,
Shirley, NY) according to the manufacturer’s guidelines. The
dynamometer was set to the isometric mode, and subjects per-
formed maximal voluntary isometric contractions (MVICs) for
each muscle tested. The isokinetic dynamometer provided an
immovable lever arm against which the subject exerted max-
imal force during MVIC testing. The MVIC levels for the 8
muscles tested were established for each subject by collecting
3 maximal 5-second trials. The first and last second of the
MVIC trials were removed from the data to assure only steady-
state results during MVIC trials. The peak amplitude across
the 3 trials was averaged for each muscle. The peak muscle
amplitude during MVIC trials was used to normalize all EMG
data collected during hopping. Thus, EMG data are expressed
as a percentage of MVIC (% MVIC).
Peak muscle activity and coactivation ratios were assessed
during the preparatory response (PR) and loading response
(LR) phases while the subject hopped. We defined the PR
phase as the 50 milliseconds preceding the initial ground con-
tact, as determined from the vertical ground reaction force. We
chose the PR phase because it is believed to represent an in-
dividual’s preprogrammed muscle recruitment strategy.28,34,35
Previous researchers25,28,34,35 have selected similar time peri-
ods before ground impact when investigating preparatory mus-
cle activation. The LR phase was defined as the 50-millisecond
interval immediately after ground contact. This time interval
was selected in an attempt to assess the peak muscle activation
response immediately after lower extremity perturbation from
ground contact and to be consistent with previous investiga-
tions of muscle recruitment after landing.3,6,36,37 In addition,
a knee injury during jumping activities typically occurs im-
mediately after initial foot strike.38,39 Although a specific time
interval after foot strike has not been determined, the temporal
window for injury after foot strike appears to be quite small.
We believe that assessing muscle peak activation during the
50-millisecond time window after foot strike (LR phase) may
lend insight into the muscle recruitment strategy used to stiffen
and stabilize the lower extremity during times when injury is
estimated to occur.
The average peak muscle activation was measured by av-
eraging the peak muscle activation amplitude from each of the
first 10 acceptable hopping trials for each muscle tested. Coac-
tivation ratios for the Q and H (Q:H) as well as the TS (MG,
LG, and SO muscles) and AT (TS:AT) muscle groups were
also assessed. The Q:H coactivation was computed as the sum
of peak Q (RF and VM) (agonist) activity divided by the sum
of peak H (SM and BF) (antagonist) activity for each trial.
Similarly, TS:AT coactivation was computed as the sum of
peak TS (agonist) activity divided by the peak AT (antagonist)
activity for each trial. We computed the corresponding coac-
tivation ratio separately for each of the 10 acceptable trials,
and then the average was taken for the Q:H and TS:AT coac-
tivation ratios. Coactivation ratios of 1.0 indicate equal peak
activation of the agonist and antagonist muscles. Coactivation
ratios greater than 1.0 indicate increased agonist peak activa-
tion (Q or TS) compared with the antagonist (H and AT) mus-
cles. Coactivation ratios less than 1.0 indicate the opposite:
greater antagonist peak activity than agonist peak activity.
Knee and Ankle Kinematics. We assessed sagittal-plane
knee and ankle motion using an electrogoniometer (models
SG110 and SG150; Penny and Giles Biometrics Limited,
Gwent, UK). To assess knee motion, we placed the electro-
goniometer over the lateral aspect of the dominant leg, using
the joint line as the axis of rotation. To assess ankle motion,
we placed the electrogoniometer over the dorsum of the foot,
in line with the third metatarsal and along the anterior shaft
of the tibia. The electrogoniometer was secured to the subject’s
skin using double-sided medical tape and an elastic bandage
to prevent cable tensioning and movement artifact during hop-
ping.
Knee and ankle kinematic variables included joint flex-
ion-angle measurements at the time of initial ground contact
(ICKNEE and ICANKLE) as well as joint flexion excursions
(EXKNEE and EXANKLE). Joint excursion was defined as the
angular displacement occurring from the initial ground con-
tact until the maximal joint flexion angle during the ground
contact portion of hopping.24,27 Researchers27,30,40 have
demonstrated that knee and ankle joint excursion influence
leg stiffness and ground reaction forces during hopping and
jumping maneuvers.
Statistical Analyses. We performed separate, mixed-mod-
el, repeated-measures analyses of variance for each of the
dependent variables to determine whether sex and fatigue had
an effect on the variables tested. All analyses involved only
1 between-subjects variable (sex), whereas the number of
within-subjects variables differed, depending on the factors
tested. The KVERT, ICKNEE, ICANKLE, EXKNEE, and EXANKLE
analyses involved 2 within-subject variables: fatigue (2 lev-
els: prefatigue, postfatigue) and hopping frequency (2 levels:
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Table 1. Vertical Leg Stiffness (KVERT) and Normalized Vertical Leg




























*Data were pooled across the preferred and controlled (3.0-Hz) fre-
quency hopping conditions.
Table 3. Ankle Muscle Activity Values (% Maximal Voluntary Isometric Contraction) for the Preparatory and Loading Response Phases
























































































































*Data were pooled across the preferred and controlled (3.0-Hz) frequency hopping conditions.
†Indicates significant difference between prefatigue and postfatigue for all subjects (P  .05).
‡Indicates significant difference between preparatory response and loading response phase for all subjects (P  .05).
§Indicates significant difference between males and females during the prefatigue condition (P  .05).
Table 2. Thigh Muscle Activity Values (% Maximal Voluntary Isometric Contraction) for the Preparatory and Loading Response Phases





















































































*Data were pooled across the preferred and controlled (3.0-Hz) frequency hopping conditions.
FREQPREF, FREQ3.0). Peak muscle activation amplitude of
the SO and AT and the Q:H and TS:AT coactivation ratios
involved 3 within-subjects variables: fatigue, hopping fre-
quency, and phase (2 levels: PR, LR). Peak muscle activation
amplitude of the Q (MQ, LQ), H (SM, BF), and gastrocne-
mius (MG, LG) involved 4 within-subjects variables: fatigue,
hopping frequency, phase, and muscle side (2 levels: medial,
lateral). A significance level of   .05 was set a priori for
all analyses. We used the Tukey Honestly Significant Differ-
ence method to perform post hoc analyses on all significant
main effects and interactions.
RESULTS
The data for KVERT, thigh muscle peak activation, lower
leg muscle peak activation, and coactivation ratios, respec-
tively (Tables 1 through 4), have been pooled across hopping
frequency and muscle side, as no significant interactions in-
volved these variables (P  .05). Lower extremity muscle
fatigue induced through closed kinetic chain exercise did not
significantly alter KVERT (F1,19  2.497, P  .131), KVERT-NORM
(F1,19  2.284, P  .147), peak Q muscle activity (F1,19 
0.025, P  .877), EXKNEE (F1,19  1.034, P  .322), EXANKLE
(F1,19  0.149, P  .705), or ICANKLE (F1,19  0.396, P 
.538). These variables were unchanged in both males and fe-
males after the fatigue protocol.
Peak Muscle Activation
Although KVERT and KVERT-NORM were not affected, peak
muscle activation and joint movement strategy were altered
after fatigue. We observed significant reductions in peak H and
AT muscle activation. A significant fatigue main effect was
noted for the H muscles (F1,19  12.073, P  .002), with
postfatigue H muscle activity reduced by 26% compared with
prefatigue measures for all subjects (Figure 3). Hamstring ac-
tivation was not significantly affected by sex, as no significant
main effect or interactions involving sex were seen for H ac-
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*Data were pooled across the preferred and controlled (3.0-Hz) frequency hopping conditions.
†Indicates significant difference between prefatigue and postfatigue for all subjects (P  .05).
‡Indicates significant difference between the loading response and preparatory response phases postfatigue for all subjects (P  .05).
Figure 3. Influence of fatigue on hamstring muscle activation (data
pooled across sex, muscle response phase, and hopping frequen-
cy). *Indicates a significant decrease in hamstring muscle activa-
tion from prefatigue to postfatigue (P  .05).
Figure 4. Influence of sex and muscle response phase on quadri-
ceps activation (data pooled across fatigue, hopping frequency,
and muscle side). *Indicates a significant difference in quadriceps
activity between males and females (P  .05). †Indicates a signif-
icant increase in quadriceps activity from PR to LR (P  .05). PR
indicates preparatory response phase; LR, loading response
phase.tivation (see Table 2). However, AT activity after fatigue was
influenced by sex, with a significant fatigue-by-sex interaction
(F1,19  4.777, P  .042). Before fatigue, females displayed
37% more AT activation than males. Anterior tibialis activity
significantly decreased for males and females by 83% and
81%, respectively, from prefatigue to postfatigue measures.
Sex differences in AT muscle activity were no longer present
after fatigue (see Table 3).
Postfatigue reductions in peak H and AT activity were ac-
companied by significant increases in peak MG, LG, and SO
muscle activity. We observed a fatigue-by-phase interaction
for gastrocnemius (F1,19  10.368, P  .005) and SO activity
(F1,19  16.976, P  .001). Gastrocnemius activity increased
during both the PR and LR phases by 38% and 36%, respec-
tively, from prefatigue to postfatigue (see Table 3). The fa-
tigue-by-phase interaction for SO activity demonstrated that
prefatigue SO activity during the LR phase was 28% greater
than during the PR phase. In the LR phase, SO activity in-
creased 20% from prefatigue to postfatigue; however, PR-
phase SO activity did not change after fatigue. Thus, SO ac-
tivity in the LR phase was 53% greater than in the PR phase
postfatigue (see Table 3). Changes in MG, LG, and SO muscle
activity after fatigue were similar between males and females,
with no significant main effect or interaction involving sex (P
 .05). The Q peak activity was not affected by the fatigue
protocol, as no significant main effects or interactions involv-
ing fatigue were seen (P  .05). Thus, Q peak activation was
maintained after the fatigue protocol. A significant sex-by-
phase interaction was noted for Q peak activity (F1,19  4.660,
P  .044) (Figure 4). Post hoc analyses revealed that Q ac-
tivity was 45% greater in females than in males during the PR
and LR phases. Both males and females increased Q activity
by 50% from the PR to the LR phase.
Coactivation
The Q:H and TS:AT coactivation ratios were altered after
lower extremity fatigue induced through closed kinetic chain
exercise. Analyses of Q:H coactivation ratios revealed a sig-
nificant main effect for fatigue (F1,19  10.093, P  .005) as
the Q:H coactivation ratio doubled from prefatigue to post-
fatigue for all subjects (Figure 5). Also, a significant sex-by-
phase interaction (F1,19  5.812, P  .026) demonstrated sex
differences in Q:H coactivation ratios. Tukey post hoc analyses
revealed that Q:H coactivation ratios increased in both males
and females from the PR to the LR phase. However, females
demonstrated greater Q:H coactivation ratios than males dur-
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Figure 5. Influence of fatigue on quadriceps:hamstrings coactiva-
tion (data pooled across sex, muscle response phase, and hopping
frequency). *Indicates a significant increase in quadriceps:ham-
strings coactivation ratio from prefatigue to postfatigue (P  .05).
Figure 6. Influence of sex and muscle response phase on quadri-
ceps:hamstrings coactivation ratios (data pooled across fatigue
and hopping frequency). *Indicates a significant difference in the
quadriceps:hamstrings coactivation ratio between males and fe-
males. †Indicates a significant increase in the quadriceps:ham-
strings coactivation ratio from PR to LR (P  .05). PR indicates
preparatory response phase; LR, loading response phase.
Figure 7. Influence of fatigue, sex, and hopping frequency on knee
flexion angle at initial contact. *Indicates females greater than
males at postfatigue 3.0-Hz hopping frequency (P  .05).
ing the PR and LR phases (Figure 6). Sex differences in Q:H
coactivation ratios were not affected by the fatigue protocol,
as no interaction involving sex and fatigue was seen (P  .05)
(see Table 4).
The TS:AT coactivation ratio was greatly influenced by the
fatigue protocol, as shown by a significant fatigue-by-phase
interaction (F1,19  5.037, P  .037). The TS:AT coactivation
ratios were 17.8 times greater during the PR phase and 19.5
times greater during the LR phase from prefatigue to post-
fatigue (see Table 4). No significant difference was noted in
TS:AT between the PR and LR phases before fatigue. How-
ever, after fatigue, the TS:AT coactivation ratio during the LR
phase was significantly greater than during the PR phase. No
significant main effect or interaction involved sex for TS:AT
(P  .05).
Knee Flexion at Initial Contact
We found a significant fatigue-by-frequency-by-sex inter-
action for ICKNEE data (F1,19  5.324, P  .032). After fatigue
and hopping at FREQ3.0, females landed with significantly
greater knee flexion (4.8 more) than they did prefatigue (Fig-
ure 7).
DISCUSSION
We hypothesized that lower extremity muscle fatigue in-
duced through submaximal, closed kinetic chain exercise
would alter KVERT, peak muscle activation, and joint move-
ment strategies during a functional hopping task. The hopping
task was selected based on epidemiologic injury data sug-
gesting that one of the primary noncontact mechanisms for
lower extremity injury, most notably to the ACL, is landing
from a jump.41 Although distinct differences exist between 2-
legged hopping and landing from a jump, 2-legged hopping
provides a highly controlled method to assess the neuromus-
cular response to fatigue. Given the lack of studies investi-
gating sex differences in response to fatigue, we felt it impor-
tant to study a highly controlled and well-documented
functional task such as 2-legged hopping. Our primary finding
was that even though KVERT was not affected, peak muscle
activation and joint movement strategy were altered during the
functional hopping task after the fatigue protocol. We ob-
served reduced peak activation in the hamstrings and anterior
tibialis muscles, which was coupled with increased peak ac-
tivity in the gastrocnemius and soleus muscles. Thus, fatigue
altered coactivation ratios between the agonist and antagonist
muscle groups, and individuals adopted different muscle ac-
tivation strategies to maintain KVERT after fatigue. We further
hypothesized that fatigue-induced alterations would differ be-
tween males and females. Although significant differences be-
tween the sexes for several variables were seen, no findings
indicated that males and females responded in a different man-
ner to the fatigue task.
Vertical Leg Stiffness Not Affected by Fatigue
Contrary to previous research demonstrating a slight but
significant increase (9%) in KVERT,35 in our study KVERT was
maintained after the closed kinetic chain fatigue protocol. We
observed a trend toward greater KVERT postfatigue (8% in-
crease from prefatigue to postfatigue); however, this increase
was not significant (P  .131). The lack of statistical signifi-
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cance may be because of an inadequate number of subjects,
with resultant low statistical power. The observed power for
the effects of fatigue on KVERT was relatively low (.323), but
the question is whether the low power was the result of a
limited number of subjects or a small effect size. Given the
significant changes observed in peak muscle activation and
knee kinematics after fatigue, we believe that a small effect
size and not a limited number of subjects was the primary
factor influencing the low observed power. The effect size for
KVERT between the prefatigue and postfatigue hopping con-
ditions was .247, which by convention indicates a very small
magnitude of difference between prefatigue and postfatigue
KVERT measures.42,43 Based on the small effect size, we would
have needed to add substantially more subjects to achieve a
statistically significant difference that might have no clinical
significance. Thus, KVERT does not appear to have been influ-
enced by the fatigue task, a finding that was not caused by a
limited number of subjects.
Contrary to our original hypothesis of KVERT being altered
after fatigue, we believe that after fatigue, individuals attempt
to maintain KVERT in order to sustain functional performance.
However, in order to maintain KVERT after fatigue, individuals
used different control strategies (eg, altered muscle activation
patterns and coactivation ratios) than when they were not fa-
tigued.
Control Strategy Alterations After Fatigue
An individual’s control strategy for KVERT can be defined
as the muscular recruitment (muscle activation) and multijoint
coordination (movement) plan an individual executes to satisfy
the physical demands of the functional task being performed.
During functional loading conditions, KVERT properties are af-
fected by muscles, tendons, ligaments, and skeletal alignment
working as an integrated unit to modulate torsional joint stiff-
ness during ground contact periods.26 Torsional joint stiffness
properties are controlled by several neuromuscular and bio-
mechanical factors, including muscle activation and force,44
reflexes,45 antagonist muscle coactivation,46,47 and lower ex-
tremity kinematics during ground contact.30,44,48 Essentially,
in a multijointed system, the potential control strategies avail-
able to modulate KVERT are limitless. Our results demonstrate
that muscle activation strategies were primarily altered as a
result of fatigue, as sagittal-plane knee and ankle kinematics
were largely unaffected by the fatigue protocol. Three fatigue-
induced muscle activation strategy alterations were identified
for all subjects: (1) ankle-dominant strategy, (2) antagonist in-
hibition strategy, and (3) quadriceps-dominant strategy.
The only change in kinematics after fatigue was a significant
increase in ICKNEE postfatigue compared with prefatigue. In-
terestingly, increases in ICKNEE after fatigue were observed
only in females during the FREQ3.0 hopping condition. No
such alterations were demonstrated during the FREQPREF hop-
ping condition or in the male subjects (P  .05). It is unclear
why ICKNEE was increased in females during the FREQ3.0
hopping condition and not the FREQPREF hopping condition
after the fatigue protocol. A limitation of this study is that we
only measured sagittal-plane motion at the knee and ankle.
Movement pattern alterations may have occurred in the trans-
verse or frontal planes of motion at these joints as well as in
all planes of hip joint motion.
Ankle-Dominant Strategy After Fatigue
Altered peak muscle activation during the preparatory or
ground contact phases of motion (or both) is believed to rep-
resent compensatory strategies to maintain KVERT during
physical activities.4–6,15 Individuals using an ankle-dominant
strategy place greater reliance on the ankle musculature (in-
creased peak gastrocnemius and soleus activation) and less on
the knee musculature (decreased peak hamstrings activation)
to maintain KVERT after the fatigue protocol in this study. The
shift toward an ankle-dominant strategy was largely influenced
by the increased peak gastrocnemius activity observed in fe-
males. Gastrocnemius activity was increased by 38% in fe-
males and by only 24% in males from prefatigue to post-
fatigue. However, the fatigue-by-sex interaction was not
significant (P  .20). The lack of a significant fatigue-by-sex
interaction for gastrocnemius activity is likely influenced by
low statistical power because of sample size and the variability
of peak gastrocnemius muscle activation.
Previous researchers4–6,15 using closed kinetic chain exer-
cise to induce fatigue have demonstrated similar shifts toward
greater reliance on the less fatigued or nonfatigued muscula-
ture. Fatigue induced through continuous hopping causes re-
duced gastrocnemius and soleus activation after fatigue.4–6,15
Vertical leg stiffness during 2-legged hopping is largely con-
trolled by the ankle musculature.30 Findings of reduced gas-
trocnemius and soleus activation after the fatigue task of con-
tinuous hopping4–6,15 may represent a compensatory shift
toward greater reliance on muscles that were not fatigued by
the fatigue protocol. In our study, fatigue was induced through
repeated squatting. The squat exercise primarily facilitates the
knee and hip extensor musculature, with little stress placed on
the gastrocnemius and soleus.49 Although the patterns of mus-
cle recruitment after fatigue differ in our study and previous
studies, the observation of altered muscle recruitment toward
greater reliance on less fatigued musculature (increased gas-
trocnemius and soleus peak activation) is consistent. A limi-
tation of our study is that gluteal muscle activation was not
measured. The fatigue protocol we used may have altered glu-
teal muscle activation in order to compensate for fatigue and
modulate KVERT. Future researchers should consider the ef-
fects of fatigue on the hip musculature.
Antagonist Inhibition Strategy After Fatigue
After the closed kinetic chain fatigue protocol, antagonist
muscle (hamstrings and anterior tibialis) peak activation was
reduced and agonist muscle peak activation was maintained
(quadriceps) or increased (gastrocnemius and soleus) in all
subjects during the 2-legged hopping task. Previous investi-
gators50 have observed similar findings during a cycling task,
with significantly reduced muscle activation of the antagonist
knee flexors (hamstring and gastrocnemius) and unchanged ac-
tivation of the agonist knee extensors (quadriceps). We believe
that the presence of an antagonist inhibition strategy may be
further demonstrated by coactivation ratio alterations after fa-
tigue. A 2-fold increase in quadriceps:hamstrings coactivation
ratios (prefatigue  1.8, postfatigue  2.6) for all subjects
followed the fatigue task. Increased quadriceps:hamstrings
coactivation ratios occurred because of a 25% decrease in the
peak activation of the antagonistic hamstring muscles from
prefatigue values, which was coupled with virtually no change
in the peak activation of the agonist quadriceps muscles after
the fatigue task.
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Further demonstrating the antagonist muscle inhibition strat-
egy, anterior tibialis muscle peak activation was also consid-
erably reduced after fatigue (82% relative decrease), whereas
agonist muscle peak activity of the gastrocnemius and soleus
was increased. These changes led to a 20-fold increase in the
triceps surae:anterior tibialis coactivation ratios during the PR
and LR phases from prefatigue to postfatigue for all subjects.
Interestingly, antagonist muscle activation of the anterior tib-
ialis was reduced more in females than in males. This finding
suggests that an antagonist inhibition strategy of ankle mus-
culature after fatigue may be more prominent in females than
males. Females tended to display a more prominent antagonist
inhibition strategy for the knee musculature than males, with
a trend toward greater increases in the quadriceps:hamstrings
coactivation ratio after fatigue (see Table 4). However, these
differences were not significant, as no significant sex-by-fa-
tigue interaction was shown (P  .13). Both sexes displayed
an antagonist inhibition strategy at the knee and ankle (more
evident in females at the ankle) after the fatiguing task.
The antagonist inhibition strategy may represent a compen-
satory mechanism to offset fatigue by maximizing mechanical
efficiency at the joint. Knee and ankle joint moments during
hopping are products of both agonist and antagonist muscle
moments. Shifting to an antagonist inhibition strategy would
maximize efficiency in transferring agonist muscle force to
produce the joint moments necessary to perform the hopping
motion. Therefore, altered coactivation ratios after fatigue may
represent a compensatory mechanism to enhance mechanical
efficiency by maximizing agonist and minimizing antagonist
muscle contributions to the overall joint moments. Recent find-
ings50 indicate that similar changes occur during cycling.
When subjects were fatigued during cycling, no changes oc-
curred in either prime mover muscle activation levels (gluteus
maximus and quadriceps) or the torque about the crank. How-
ever, antagonist muscle activation (gastrocnemius and ham-
strings) was significantly reduced.50 The authors hypothesized
that this was a compensatory mechanism to adapt for contrac-
tile loss in the prime mover muscles in order to maintain the
overall moment needed for maintenance of functional perfor-
mance.50
Quadriceps-Dominant Strategy
After the fatigue protocol, all subjects displayed a quadri-
ceps-dominant strategy by placing greater reliance on the
quadriceps muscles, which was demonstrated by the signifi-
cant increase in quadriceps:hamstrings coactivation ratios from
prefatigue to postfatigue. The quadriceps:hamstrings coacti-
vation ratios were 2.6 postfatigue, indicating that peak quad-
riceps activity was more than 2.5 times that of the hamstrings.
The shift to a quadriceps-dominant strategy after fatigue was
likely an attempt to compensate for quadriceps muscle fatigue
and maximize the internal knee extension moment generated
by the quadriceps muscles.
Our findings also demonstrated that females used a more
prominent quadriceps-dominant strategy than males. Females
displayed greater peak quadriceps activity and quadriceps:
hamstrings coactivation ratios than males during the PR and
LR phases (see Figures 4 and 5). In preparation for ground
contact (PR phase), females used a quadriceps-dominant strat-
egy by activating their quadriceps 45% more than males,
which resulted in females’ peak quadriceps activity being near-
ly twice that of their hamstrings (quadriceps:hamstrings 
1.9). In contrast, males recruited nearly equivalent quadriceps
and hamstrings peak activity during the PR phase (quadriceps:
hamstrings  1.1). We believe that the sex differences in quad-
riceps peak activity and quadriceps:hamstrings coactivation ra-
tios during the PR phase were voluntary; muscle activation
before ground contact (ie, PR phase, preactivation, or prepa-
ratory activation) is believed to represent voluntary muscle
recruitment using higher-order centers.28,51
The quadriceps-dominant strategy was displayed by males
and females immediately after ground contact (LR phase), as
quadriceps peak activity increased by 50% and quadriceps:
hamstrings coactivation ratios increased to values above 2.0
from the PR to LR phases for all individuals (see Figures 4
and 5). Although both sexes demonstrated increased quadri-
ceps activity and quadriceps:hamstrings coactivation ratios
from the PR to the LR phase, females continued to demon-
strate significantly greater quadriceps:hamstrings coactivation
ratios than their male counterparts. During the LR phase, fe-
males had 45% more peak quadriceps activity than males and
displayed quadriceps:hamstrings coactivation ratios that were
again 2-fold greater than those of males. Quadriceps peak ac-
tivation amplitude was approximately 4 times greater than that
of the hamstrings in females during the LR phase (quadriceps:
hamstrings  3.9). In contrast, the quadriceps:hamstrings
coactivation ratio in males was only 2.0 during the LR phase,
half that observed in females and essentially equivalent to fe-
male quadriceps:hamstrings values during the non–weight-
bearing PR phase. Our finding of a quadriceps-dominant strat-
egy in females is in agreement with previous research.20,25,52,53
Contrary to our original hypothesis, no sex difference was ev-
ident in quadriceps:hamstrings coactivation ratios after the fa-
tiguing task. Thus, females exhibited greater quadriceps:ham-
strings coactivation ratios than males, and no sex difference
was noted in how the Q:H coactivation ratios were affected
by the fatigue task.
Clinical Relevance
We demonstrated that after submaximal closed kinetic chain
exercise, an individual’s control strategy for modulating KVERT
is significantly altered. Altered control strategies after fatigue
may influence lower extremity injury risk, specifically injury
to the ACL. Increasing gastrocnemius peak activity as a com-
pensatory mechanism (ankle-dominant strategy) to facilitate
ankle joint torsional stiffness and maintain KVERT may in-
crease ACL strain. Also, the gastrocnemius muscle is an an-
tagonist of the ACL and is able to increase ACL strain.54 In-
creased reliance on the gastrocnemius muscle after fatigue may
cause greater ACL strain and place the ligament closer to its
ultimate failure point. The shift to an ankle-dominant strategy
may also negatively affect knee joint stability. Greater reliance
on the ankle musculature and less reliance on the knee mus-
culature (decreased peak hamstrings activity) was an effective
strategy to maintain KVERT after fatigue. However, our theory
is that KVERT was maintained after fatigue by increasing ankle
joint torsional stiffness (increased peak gastrocnemius and so-
leus activity) and minimizing knee joint torsional stiffness (de-
creased peak hamstrings activity). Reduced knee joint torsional
stiffness after fatigue may allow for decreased knee joint sta-
bility, as stiffness is a key factor influencing stability.
The fatigue-induced quadriceps-dominant strategy, demon-
strated by an increased quadriceps:hamstrings coactivation ra-
tio after fatigue, may be effective in modulating KVERT; how-
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ever, it may also negatively affect knee joint stability and
increase ACL strain. Large quadriceps forces increase proxi-
mal anterior tibial shear force, thus facilitating ACL strain.54–56
The quadriceps’ ability to facilitate ACL strain is maximized
when hamstrings activity is minimal and unable to counteract
the quadriceps. Minimizing ACL strain and injury risk re-
quires strong antagonist hamstrings coactivation to counteract
forceful quadriceps contraction and maintain a balanced mus-
cular recruitment.54,57,58 However, all individuals demonstrat-
ed an antagonist inhibition strategy after fatigue by reducing
hamstring peak activity with no change in quadriceps peak
activity, which facilitated an increased quadriceps:hamstrings
coactivation ratio. Thus, after fatigue, individuals used less
hamstrings coactivation to modulate knee joint torsional stiff-
ness and instead relied more on the quadriceps muscles. Great-
er reliance on the quadriceps muscles was more pronounced
in females, who displayed greater quadriceps activity and
quadriceps:hamstrings coactivation ratios than males. Al-
though all individuals relied more on the quadriceps muscles
after fatigue, which might have facilitated increased ACL
strain, females may be at particular risk for increasing ACL
strain because of their greater reliance on quadriceps muscles
to modulate knee joint torsional stiffness. Females employing
a greater quadriceps-dominant strategy may be at higher risk
for ACL injury once fatigued. However, it should be noted
that we do not know at this time whether a quadriceps-dom-
inant strategy places an individual at significantly greater risk
for ACL injury.
CONCLUSIONS
We evaluated the influence of fatigue induced through pro-
longed, submaximal closed kinetic chain exercise on KVERT,
as well as muscle activation and joint movement strategies in
males and females. Once fatigued, individuals appear to shift
to an ankle strategy, relying more on the ankle musculature
and less on the knee musculature (in particular, the hamstrings)
to modulate total KVERT. An ankle-dominant control strategy
alteration is theorized to reduce knee joint stability and facil-
itate gastrocnemius-induced ACL strain. It was also apparent
that after fatigue, subjects used an antagonist inhibition strat-
egy. Both males and females demonstrated this strategy at the
ankle and knee joints by reducing antagonist peak muscle ac-
tivation (eg, anterior tibialis, hamstrings) and relying more on
the agonist musculature (eg, gastrocnemius, soleus, quadri-
ceps), which may also negatively affect knee joint stability. In
addition, females placed greater reliance on the quadriceps
musculature, both before and after fatigue. This finding sup-
ports the argument that females use quadriceps-dominant strat-
egies during physical activity. Vigorous quadriceps contraction
unopposed by antagonist hamstring recruitment may elicit in-
creased ACL strain. In theory, the combined influence of these
alterations in females may place them at greater risk for ACL
injury when fatigued, as they would maximize quadriceps
force and potentially reduce knee joint stability. Whether or
not ankle-dominant, antagonist-inhibition, or quadriceps-dom-
inant control strategy alterations after fatigue actually place the
ACL at greater risk for injury is still unknown and requires
further study.
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